We describe the constraints that should be satisfied to solve the SOFIA scheduling problem in the context of real operations. We establish key formulas required to efficiently calculate the aircraft course over ground when evaluating flight schedules. We describe the foundations of the SOFIA long-term scheduler, the constraint representation, and the random search based algorithm that generates observation and instrument schedules. Finally, we report on how the new longterm scheduler has been used in operations to date.
INTRODUCTION
The Stratospheric Observatory for Infrared Astronomy (SOFIA) [1] is the successor to the Kuiper Airborne Observatory (KAO) and the next generation airborne observatory mission under NASA's Origins Program. NASA and the German Aerospace Center (DLR) worked together to create the largest airborne observatory in the world, a Boeing 747SP aircraft modified to accommodate a gyro-stabilized 2.5-meter reflecting telescope. SOFIA cruises at altitudes up to 45,000 ft, above 95% of the atmosphere's infrared-absorbing water vapor, and it is expected to ultimately provide astronomers with about 120 science observation flights per year for at least 20 years. As automated scheduling techniques developed for groundbased and space-based telescopes are inappropriate for SOFIA, scheduling flights is a major challenge for mission operations.
Flights consist of period of times during which celestial targets are observed, and period of times during which maneuvers are performed (e.g. taking off, landing, turning, climbing). An efficient flight basically maximizes the total observing time. Attempts to automate flight scheduling for an airborne observatory did not start before SOFIA. For its predecessor KAO, flights were manually scheduled by using a collection of tools predicting for instance the target visibility, the corresponding telescope elevation and the aircraft course over ground. Although this approach required about 6 to 8 hours to schedule an 8-10 hours flight, it was usually possible to perform scientific observations during most of the flight (i.e. the average observing efficiency was about 80-85%). [5] . Results of the analysis are summarized in Figure 1 . While providing some remarkable results given the complexity of the problem, the overall observing efficiency and the percent of requested observing time returned by the AFP were significantly lower than the ones achieved by the SOFIA staff, 58.9% versus 71.3% and 66.7% versus 89.5% respectively. Moreover, unlike the AFP (which has never been requested to develop such capability), humans judiciously increased observation durations to optimize the flight path without adding repositioning maneuvers. Considering this extra redundant observing time, the efficiency reached 83.9%. For these reasons, the AFP failed to become part of the mission operations software suite. Three years later, SOFIA science operations started after the 3 initial characterization flights were successfully performed in May and November 2010. During 2011, SOFIA accomplished 30 flights in the "Early Science" program as well as a deployment to Germany. Each flight included about 8-10 scientific observations and was manually scheduled with the help of a visual editor. The observing efficiency had the same order of magnitude (about 80-85%) as previous KAO operational flights and SOFIA test schedules.
Automating the flight scheduling process is critical. Assuming 800 hours of night-time observations a year and 20 years of operations, the mission lifetime cost of $3.75 billions gives an expected cost per hour of observation of $234K [6] . One of the biggest challenges to SOFIA's community and policy support is its relatively high cost per unit observing time compared to space-borne missions. An important mitigation strategy for this risk is a flexible automated scheduling system, which will ensure an efficient assignment of targets to flight schedules and will match sets of observations that work well together given the SOFIA constraints. We present in this paper a new automated solution for generating SOFIA's long-term schedules. We describe the constraints that should be satisfied to solve the SOFIA scheduling problem in the context of real operations. We establish key formulas required to efficiently calculate the aircraft course over ground when evaluating flight schedules. We describe the foundations of the SOFIA longterm scheduler, the constraint representation, and the random search based algorithm that generates observation and instrument schedules. Finally, we report on how the new long-term scheduler has been used in operations to date.
THE SOFIA SCHEDULING PROBLEM

Overview of Operations
The SOFIA telescope is mounted on the left side of the Boeing 747SP where it has essentially one degree of freedom. Its orientation can be adjusted to point to objects from 23° to 58° above the aircraft plane (local elevation). However, the pointing in the cross-elevation direction mostly results from the orientation of the aircraft body as the telescope cross-elevation travel is only ±2.5°. Consequently, the direction of the aircraft nose (heading) must be constantly changed to keep the telescope aimed at the object while flying. Unlike a standard airliner that corrects its heading to follow a defined track, SOFIA's course over ground is driven by the sequence of objects being observed. As an illustration, the actual path followed by SOFIA during the first characterization flight over the Pacific Ocean in May 2010 is shown in Figure 2 . Each straight line (that is actually slightly curved) corresponds to an observation; other portions of the flight are required to adjust the aircraft position or orientation. Mission operations staff skillfully chose a sequence of observations that alternated north, south, east and west trajectories to keep the aircraft in the vicinity of the airport, and even inside a Special Use Airspace in this case. The visibility of a target and the aircraft course over ground that results from its observation depend on the target direction in the sky, the actual position of the aircraft, and the current time. This triple dependency contributes to make the scheduling problem considerably different from groundbased and space-based telescopes in a variety of ways, as summarized in Frank et al. publications:
• Observations are feasible over large, continuous regions of space and time.
• Aircraft can be flown over a path or to a location needed to make an observation possible.
• Observation feasibility is a nonlinear function over the solution to the equations of motion.
• Unlike the Travelling Salesperson Problem, there are no fixed waypoints to define routes.
The SOFIA observatory is slated to be at full operational capability (FOC) by 2014. We consider FOC requirements in this discussion as they drive the design of the scheduling system. Guest investigators propose to use SOFIA through a peer-reviewed process. Programs are submitted for each observation cycle, lasting about a year. Once accepted and ranked by a dedicated allocation committee, it is the responsibility of operations staff to efficiently assign observations to flight schedules. It is expected SOFIA will perform 2 or 3 flights per week. However, each observation requires a specific scientific instrument and only one instrument at a time can generally be mounted to the telescope assembly. As it can take up to several days for operators to switch instruments, it is desirable to define multiple 2+ weeklong time windows (i.e. 4 or more consecutive flights) in which a same instrument is used. At least 4 instruments are expected to be simultaneously available per cycle. In practice, it means that each year about 1000 granted hours of observations will be assigned to about 120 flights, efficiently grouped into instrumentspecific blocks. In the most complex scenario, up to 26 blocks may be needed.
The solution we developed to solve this daunting problem is the Long-Term Scheduler (LTS), an automated system that assigns observations to flights and instrument blocks. Individual flights are then built by a separate tool, the ShortTerm Scheduler (not covered in this paper) that combines the selection of feasible observations returned by the LTS. As the exact flight date, actual aircraft position and observation time are generally not known in advance, the LTS generates partially ordered/specified sequences of observations allotted to time windows (i.e. least commitment scheduler), and makes relevant approximations to generate realistic schedules. LTS assignments ensure that each observation is feasible within a flight, but also ensure that the pool of observations as a whole is well balanced to minimize the usage of repositioning maneuvers. Furthermore, the LTS is flexible and efficient enough to be rerun with short notice, to react to changes in the executed schedule and to produce "what if" schedules both to support science program selections and evaluate the impact of lastminute observation requests (i.e. Target Of Opportunity).
Observation & Flight Constraints
SOFIA's operational constraints include a mixture of discrete, continuous, temporal, ordering and resources constraints. They are summarized below.
• Flight date. Observatory policies might forbid flights during Federal holidays and weekends. In addition the observatory is not operational during maintenance weeks. Inversely, the observatory must be operational for observations requiring specific observation date (e.g. occultation).
• Airspace. SOFIA must abide by Federal Aviation Administration (FAA) rules, which include Special Use Airspace (SUA) incursions and international boundaries. However, some SUA geographical constraints may be eventually relaxed, as clearance to fly through lowerseverity warning areas has historically been possible.
• Sun avoidance. Observations are performed from the beginning of astronomical twilight in the evening to the end of astronomical twilight in the morning (i.e. when the sun is 12° below the horizon). Takeoff and landing times are expected to be about 30 min around the twilight period. Optionally, observers can specify a maximum sun elevation or a minimum allowable objectsun angle.
• Moon avoidance. Optionally, observers can specify a minimum allowable object-moon angle. The same applies for the moon phase.
• Object elevation. Object pointing direction has to fit between the telescope elevation limit (from 23° to 58°). It can also be specified by the observer, in order to benefit higher elevation angle for instance. Elevation calculation is described in the next section.
• Observing window. Optionally, observers or mission operations staff can specify time windows during which an observation must be performed.
• Instrument. A scientific instrument may not be available during the whole observation cycle (e.g. maintenance). Mission operations staff specifies the time window during which an instrument is operational.
• Calibrators. All flights include nominal calibration observations. Additionally, observing programs may specify calibrators to be observed prior to other objects on the same flight. The resulting precedence constraint can possibly specify the maximum time interval between the calibration and science observations.
• Grouped observations. Optionally, observers may specify multiple observations to be performed on the same flight.
• Airport. Although its primary base is NASA's Dryden Aircraft Operations Facility at Palmdale, CA, SOFIA operations can be conducted over virtually the entire globe. Takeoff and landing airports do not need to be the same.
• Fuel reserve. The initial fuel load affects the flight maximum duration and the aircraft weight, which in turn limits its initial operating altitude. The initial load is usually fixed to 210,000 pounds, which corresponds to about 10 h flights.
• Water vapor. As atmospheric water vapor attenuates infrared signals, observers can specify a maximum lineof-sight water vapor (LOS WV) overburden for an observation. This restriction translates into a variety of constraints as LOS WV can be reduced by flying over specific regions, climbing to higher altitude, or observing targets at higher telescope elevation.
FLIGHT SCHEDULE SIMULATION
Flight schedules are dictated by the fact that the aircraft must be steered to provide the telescope movement in the cross-elevation direction. The flight path can be predicted by calculating the required aircraft heading and telescope elevation over time for each observed target as well as taking relevant climatological data into account (i.e. wind speed and air temperature). We establish below some key formulas that are essential to efficiently simulate flight schedules, to understand the multiple spatial and temporal dependencies, and that have not been published so far.
Heading & Elevation Angles
Three Euler angles describe the aircraft attitude: yaw (i.e. heading), pitch and roll. While cruising, the roll angle of a flying observatory can be approximated to zero. The pitch angle α (in the 0-10° range, typically equal to 2.5° in the case of SOFIA) depends on the aircraft weight but is known at any time from a performance model. The heading angle h is changed by steering the plane and spans 360° (north through east). Let us consider an ideal telescope fixed to the aircraft body, having a relative bearing angle β (270° = 747SP left side) and an adjustable elevation e virtually up to ±90°. Heading and elevation angles required to observe a target depend on the current time t, actual aircraft longitude (lon) and geodetic latitude (lat), and the target right ascension (RA) and declination (dec). In the "North East Down" (NED) local navigation coordinate system (moving with the aircraft) the target direction can be expressed as the unit vector
where Ω is the time-dependent rotation matrix from the traditional Earth Centered Inertial (ECI) frame to the Earth Centered Earth Fixed (ECEF) frame, and Λ is the locationdependent rotation matrix from the ECEF frame to the NED frame. See for instance [7] for matrix formulas. On the other hand, the same vector can be expressed as a function of heading and elevation:
From the 2 equations, the equality on p z gives the elevation
When C ≠ 0, only one of the 2 possible solutions will be in the ±90° range. Note that the elevation may not be defined if the pitch angle is not null, which means that there are no physical solution in such case (i.e. the target cannot be observed). Once e is determined, combining equalities on p x and p y gives the heading
The heading will be undefined if the telescope points to the zenith. For such singularity, any heading is valid.
Aircraft Course Over Ground
The ground track is calculated by propagating the aircraft position from its time-varying heading. Integration by Euler method using 1-5 minutes small time steps offers an excellent compromise between speed and accuracy. KAO successfully used this approach to simulate flights for 20 years. The wind speed and direction and the air temperature are known from weather model or forecast data and can be combined with the aircraft heading and Mach number (747SP ~ 0.85) to find its ground speed and track angle (i.e. wind triangle method). One should keep in mind that the actual wind speed and direction during a flight will differ from the prediction and consequently modify the aircraft course over ground. As wind speed error bars can be larger than one nautical mile per hour, it is irrelevant to achieve a higher accuracy when integrating the equations of motion. Instead, it is for instance more efficient to schedule a sequence of observations having large turns, which gives more opportunities to the pilot to repair the flight plan (maneuvers provide flexibility, observations do not). Finally, assuming the Earth is modeled as an oblate spheroid as in the World Geodetic System, flight paths correspond to geodesics on an ellipsoid, which are straightforward to compute using the Vicenty direct formula [8] .
THE LONG-TERM SCHEDULER
The LTS is a standalone application, which is run by SOFIA Mission Operations and Science staff. Personnel required to create long-term schedules is minimal. A single operator, assisted by the LTS running on a personal computer, is able to generate or update the long-term schedule of the observatory within a few hours. At the highest level, the LTS is expected to assign time ranges to observations that have to be performed by the observatory. The core ability of the scheduler is in how it selects one or more observations to schedule and how, from among the many suitable time windows, it chooses the best. These decision mechanisms are driven by user-specified control parameters. Control parameters allow the scheduler to prioritize observations and evaluate time range assignments. When multiple criteria apply to a decision, they can be weighted and combined to give the overall score upon which to base the decision. One can see the scheduler as a function like output"schedule messages reports = !"ℎ!"#$!% input"schedule observations control"parameters where a new output schedule is generated from an old input schedule. However the latter can be null, when the observation cycle starts for instance. Messages and reports inform users about the decisions that have been made and the quality of the returned schedule.
Instrument & Observation Schedules
For operational reasons, a SOFIA long-term schedule has 2 components. One is the instrument schedule, which assigns time ranges to scientific instruments. In other words it specifies which instruments will be mounted to the telescope assembly, but does not specify which instrumentspecific observations will be performed. The second is the observation schedule, which assigns time ranges to observations. The observation schedule is of course always consistent with the instrument schedule. As the former and the latter are not created or modified in the same way, it is worth distinguishing them. After it is generated, the instrument schedule is not expected to change during the execution of a cycle, while the observation schedule will be adjusted as the observations are performed and possibly fail.
The LTS schedule granularity is a parameter. The smallest assignable time unit is referred to as a time segment. In general mission operations prefer to use weeklong time segments. Thus, instrument-specific blocks consist of 2 or more time segments, and each time segment consists of 0 or more flights. The LTS does not specify which night of the week the observatory will fly. For a given week, the visibility of a fixed target is very comparable every night and the team preparing the short-term schedule can make the decision later. However the LTS can assist people making this decision as it displays the target visibility at any time during the week. See Figure 3 .
Observations & Constraints
Each observer submits an observing plan that specifies a set of targets to be observed. An observation request notably specifies the target position (fixed and moving targets are supported), the observation duration, the instrument, and the constraints that must be satisfied. Observation constraints are also inherent to the observatory capability (e.g. operational range of the telescope, see Section 2). As all the SOFIA absolute constraints can be translated into temporal constraints, they are internally stored as sets of time intervals during which constraints are satisfied. The LTS calculates interval intersections to determine which time windows are suitable for each observation. The only relative constraint supported at the present time is the group constraint, which can be easily integrated in the search algorithm by handling all the grouped observation together. Note that although the exact position of the aircraft is not known when generating the long-term schedule, the LTS uses a fixed location for the observatory, typically the starting airport, which yields reliable results in the context of long-term scheduling.
The LTS also supports instrument configurations. Instruments may have multiple configurations, which cannot be changed in-flight. It is then the LTS responsibility to ensure that all observations on a same flight require the same configuration. For instance, the GREAT far-infrared spectrometer has 4 different configurations.
All flights include nominal calibration observations. However, no constraint is required for this as it is assumed that calibrators will be found while building short-term schedules. If an observing plan specifies a calibrator to be observed prior to another object on the same flight, then this kind of calibrator will be processed like a regular constrained observation and will be attached to its parent observation by a group constraint.
Search Algorithm
In the case of SOFIA, it is in general easy to find targets that are visible during a certain night. What is complicated is to find a group of targets that alternate north, south, east and west trajectories to keep the aircraft in the vicinity of the airport. In this aim, the LTS uses a random search algorithm to generate schedules. For each time segment, it tries all instruments having observation candidates and randomly assigns observations as long as the combined total time for observing and repositioning maneuvers does not exceed the expected duration of a flight. To estimate the time spent on observing and repositioning, the LTS calculates the heading profile of all the observations. The heading profile corresponds to the fraction of time spent on each [north, south, east, west] quadrant while the target is visible. For instance a [0.75, 0, 0.25, 0] profile means that the aircraft will head 75% of the time north and 25% east while observing the target. Each heading profile is then weighted by the observation duration. Ideally, the combined heading profile is zero, which means that the aircraft is basically back to its initial position at the end of the flight. This is a coarse estimate but it is good enough to ensure that the group of observations is reasonably balanced. If it is not, then it is possible to estimate the total duration of the repositioning maneuvers required to balance the set of observations. The observing time to total flight time ratio is the flight efficiency, which in practice is typically above 80%.
However, estimating the heading profile only does not yield reliable results, as all targets could be visible at the same time while having a poor visibility during the night. It is therefore required to estimate the night coverage. The LTS does so by using piecewise constant functions (PCF) that correspond to the visibility time intervals. The PCF is nonzero when the target is visible and is normalized by dividing the observation duration by the visibility interval duration. By adding the PCFs of all the targets in a same set and calculating its integral for a given night, the LTS can reasonably estimate the night coverage. The resulting PCF should ideally be equal to one for the whole night. Comparing the ideal and actual integral values defines the criterion. After the LTS randomly generated flights for all the time segments (there could be more than 1 flight in a time segment), it evaluates the schedule by calculating an objective function based on the 3 following criteria:
1. Maximize observing efficiency.
2. Maximize night coverage.
3. Maximize assignments of higher-priority observations. All criteria are normalized, then weighted and combined according to the user parameters. We just described (1) and (2) . The third criterion ensures that the most important observations will be performed in priority, even if it impacts the observing efficiency. The observatory allocation committee assigns observation priorities. The LTS generates thousands of random schedules, corresponding to millions of observation assignments. It eventually returns the schedule maximizing the objective function. Generating and evaluating about 5,000 schedules gives satisfactory results in most cases. Processing 3,000 observations for a yearlong cycle (i.e. 52 time segments) having 5 instruments and 3 flights per week takes less than 30 minutes.
User Interface
The LTS provides different interfaces to the users. Users can generate schedules using the console application, which is convenient for batch jobs for instance, or use the graphical user interface (Figure 3) . The latter displays all calculated constraints and assignment and can be used as a diagnosis tool to understand scheduling issues and conflicts.
SOFIA CYCLE 1
The next observing period, known as Cycle 1, is scheduled to begin in late fall 2012. It includes 46 science flights grouped in four multi-week observing campaigns spread through a 13-month span. The 4 instruments to be employed during the cycle are the FORCAST mid-infrared camera and spectrometer, the GREAT far-infrared spectrometer, the HIPO high-speed photometer, and the FLITECAM nearinfrared camera and spectrometer. In response to the SOFIA Cycle 1 Call for Proposals, 172 unique proposals were received, corresponding to about 1,500 observations and 1,000 hours of observing time. The LTS successfully processed all the proposals in order to perform some preliminary analysis and simulations (e.g. determining which scheduling conflicts are likely to occur). Eventually, the Science Mission Operations Director awarded approximately 200 hours of science flights to guest investigators, corresponding to about 600 observations. The LTS was then used to create the instrument observing campaign, based on the selected observing programs.
Finally, as SOFIA has the capability to fly to New Zealand in the southern hemisphere to observe specific targets, the LTS was used to determine the optimal time period to perform this possible deployment.
CONCLUSION
We presented the SOFIA long-term scheduler, a new automated solution that we developed to support the operations of the SOFIA airborne observatory and that we successfully used to prepare the first observing cycle of the mission. We described the set of constraints to be satisfied in the context of real operations and the mixed spatial and temporal dependencies, which make the problem nonsolvable by scheduling techniques available for groundbased and space-based observatories. 
